A simplified model related to microtopography on CMP pad and prediction of real contact area between the pad and wafers is presented in this paper. The model has been developed on the basis of the analysis of the pad surface roughness and contact mechanics. The bearing area curve, representing tribological properties of the surface, is used to formulate the model. The pad microtopography which is expressed in the model is uniform and simple. Particularly, the important characteristics of the pad microtopography for the CMP process are emphasized in the model. It provides more convenient way to perceive the situation of the pad surface during the CMP process. The progress of the pad surface wear and the real contact area can be easily taken and connected each other by using the model. The model is also verified by comparing the tendency of actual removal rates with those theoretically anticipated. Finally, authors could get the efficient link between the pad surface wear and the real contact area, which results in a strong tool to understand the fundamental CMP mechanism of material removal.
Introduction
Chemical mechanical polishing (CMP) is a procedure to reduce height variations in material layers on silicon wafer surfaces. As shown in Figure 1 , during the CMP process, a wafer is rotated while being pressed face-down against a rotating polishing pad covered with slurry which have specific chemical properties and abrasive particles. The applied load is supported by pad surface asperities and the fluid film which fills the gap between the pad and the wafer. Abrasive particles between pad asperities and wafer, which are forced against the wafer by pad surface asperities, make friction force and remove the wafer material by scratching and plowing motion. Many researchers have pointed out that hydrodynamic pressure from the fluid film is very small and the load is mainly supported by asperities [1] [2] [3] [4] . Thus this paper considers only the solid contact.
In the CMP process, a material is removed by abrasive particles embedded in the contact spot between a pad asperity and a wafer. Accordingly the real contact area which is summation of the contact spot, and the real contact pressure which means how much the particles are forced, have great influence on the process.
As shown in Fig. 2 , there are two modes of increases of the real contact area. Mode 1 is caused by the compression of the asperity summits and mode 2 is caused by the pad wear which makes the asperities become smooth. On the concept of mode 1, it is well known by Yu et al. that in the same surface roughness condition, while the real contact area is constant without reference to an applied load, the real contact area is proportional to an applied load. The material removal increases with the applied load [5] .
In case of mode 2, Bushan et al., studied that real contact pressure in CMP is closely related with only the surface roughness and composite elastic modulus of the pad and the wafer, but not with the applied load. According to this, when the real contact area is grown by the surface roughness change resulting from the pad asperity wear, the material removal rate decreased because of the decline of the real contact pressure [6] . To understand an entire pad surface effect on the CMP process, the real contact area has to be considered with the surface roughness and the pad wear effect by time. To figure out this, this paper suggests a simplification model of microtopography on the pad. The mean radius of asperity summits on the pad surface and its behavior is shown in the model, and experimental results explain how the material removal rate (MRR) is changed.
Variation of the pad surface during the CMP
To define contact properties, the Greenwood -Williamson model is generally used [7] . The model assumes (1) an asperity is spherical at its summit, (2) variations in asperity height z and radius R are Gaussian distributed, ф(z) and ф(R). However, as the CMP process progressed, assumptions of the model would be broken resulting from changes of z, R, ф(z) and ф(R) caused by the wear effect (See Fig. 3 ).
The abrasive particles remove not only the wafer material but also the pad surface. Fig.  2 (b) represents the asperities, which are gradually worn out and flattened from the highest level by the slurry particles as the CMP process goes by [8, 9] . This phenomenon caused a change in the formation of the surface height distribution as shown in Fig. 3 . The frequency of the asperities in high positions dwindled away into nothing and it resulted in the appearance of the secondary peak in Fig. 3 (b). The secondary peak was getting higher and that means the pad surface becomes more flat.
Surface wear increases the real contact area on concept the mode 2, thereby lowering the average of the real contact pressure at a fixed load. The reduction of the real contact pressure is related with a decline in the MRR. In the actual process, to keep the polishing performance, the pad surface roughness has to be remained constantly. The surface roughness is periodically recovered by the conditioning process but also the lifespan of the pad is shortened by the conditioning process [10] . The conditioning process has to be minimized and for that the pad surface roughness condition must be understood clearly. 
New approach to the pad surface
The surface roughness parameters can be separated into three basic types: amplitude parameters, spacing parameters and hybrid parameters. Researchers have taken many approaches to study about the relationship with the CMP and the surface roughness. For the new approach to the contact between the pad and the wafer, the R k family of roughness parameter is used. The R k parameters, as the hybrid parameters, give a numerical summary of information of the wear characteristics contained in the bearing ratio curve (Abbott-Firestone Curve), based on a division of the height scale into three regions as peak region(R pk ), core region(R k ) and valley region(R vk ) [11] .
When two surfaces rub together, the peak region is worn out by friction at first, the core region bears the load for the life of the product, and the valley region act like a lubricant storage. This is applicable to the CMP process, then the peak region is asperities that take main part of the polishing process, the core region supports the applied load, and the valley region carries slurry into the gap between the pad and the wafer. Park et al., have pointed out that, the R pk , the reduced peak height, is closely related with the material removal in CMP [9] . Focused on this, a simplification model of microtopography on the CMP pad is presented as shown in Fig. 4 . As the CMP process goes on the peak region of the asperity summits gradually become smooth and it is represented by changes of its curvature. To find out this pad wear effect quantitatively, the equation of the mean radius of the asperity summits R and the real contact area A r are derived with simple math. As shown in Fig. 5 , the mean asperity summit R can be easily derived with the roughness parameter RS, R pk , by simple trigonometric function. Equation (1) expresses well the mean radius of the asperity summits R which means the curvature of the summit, as shown in Fig. 5 . As the CMP process progressed, asperities are worn out and the mean radius R will be increased. This is demonstrated by actual experiments and shown in Fig. 7 and Fig. 8 .
In Eq. (2), unlike traditional approach to the surface profile, the real contact area can be easily estimated. The estimated value and the actual value of the real contact area are compared each other in Fig. 8 . The actual value of the real contact area is measured by the optical microscopic system in Fig. 6 . The A a is the whole area of the acquired image and A r is the measured real contact area. From the experimental results, the constant k in Eq. (2) is 6.5, and from Greenwood (1984) , the summit density η in Eq. (2) can be related with the Journal of Advanced Mechanical Design, Systems, and Manufacturing Vol. 6, No. 1, 2012 number of peaks per unit length N p along a z-height profile. For a random isotropic surface, η is ~1.8N p 2 [12] . These equations, those are composed by only a few roughness parameters provide the efficient method without using any statistical analysis, complex integration and probability distribution.
Experiments
The CMP process is conducted without the pad conditioning. Experimental conditions are shown in Table 1 . In two different pressure conditions, each wafer is polished for 3 minutes and pad samples are collected at each polishing runs. Fig. 7 shows graphs showing changes of roughness parameters RS, R k, R vk and R pk . The spacing parameter RS is constant and that means distances among asperities and the density of asperities are not changed during the polishing process.
In the R k family of roughness parameter, the parameter R k and R vk maintain constantly. On the other hand, the R pk decreases steeply at first, and then converges to a constant value.
This shows that asperities under the peak region (R pk ) are hardly abraded by the slurry particles. It denotes that only the peak region of the asperities (R pk ) is participated to the actual polishing process and worn out away. Therefore, it is obvious that the R pk can be an indicator to evaluate the CMP performance and determine the conditioning process timing. Fig. 7 Changes of roughness parameters
Material removal rate
The mean radius of the asperity summits R and the real contact area can be calculated using the simplification model which is suggested in this paper. It is well shown in the Fig.  8 that the R goes up because of the wear effect during the polishing process and the real contact area also rises with the R. The MRR and the real contact pressure, which is calculated from the real contact area and the applied load, are shrunken in connection with the mean radius R and the real contact area. Because R pk is become constant as time goes, the R and the real contact area are eventually converged to constant value. Accordingly, the decline of the real contact pressure and the MRR are stabilized after that. Fig. 8 Variations of the mean radius of the asperity summits, real contact area, MRR, and the real contact pressure
Conclusion
To verify how the wear of the pad microtopography influence the CMP process, the pad surface roughness and the contact mechanics between the pad and the wafer are studied and the simplification model of the microtopography based on surface roughness parameters is suggested. Using the model, the mean radius of asperity summits and the real contact area can be easily estimated.
Experimental results make good agreement with the prediction based on the model and explain how the MRR is lowered as time passed. It is noteworthy that the roughness parameter R pk indicates the asperities those are worn out during the CMP process. From this, the model's assumption could gather strength.
The model provides more convenient way to perceive the situation of the pad surface during the CMP process with only a little information. The model can be used in order to verify the CMP performance and determine the conditioning timing. And authors could get the efficient link between the pad surface and the CMP process. This can be used to understand the fundamental CMP mechanism of material removal especially on the view of tribology and to figure out how to investigate the MRR modeling.
